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ABSTRACT

Institution: Mississippi State University
Major Field: Aerospace Engineering
Major Professor: Thomas E. Lacy
Title of Study: Lightning damage resistance of a full-scale flat PRSEUS panel
Pages in Study 55
Candidate for Degree of Master of Science
The Pultruded Rod Stitched Efficient Unitized Structure (PRSEUS) concept is
characterized by through-thickness VectranTM stitching of warp-knit carbon-fabric prior
to resin infusion. A series of novel lightning strike tests were performed on a PRSEUS
panel. The panel’s lightning damage resistance was characterized as a function of peak
current (50-200 kA) and strike location (mid-bay, stringer, frame). Both visual
inspections and through-transmission-ultrasonic C-scans were used to investigate the
damage resistance at the strike locations and to assess various damage mechanisms and
morphologies. The size and severity of the damaged area depend strongly on the fiber
orientation in the outermost ply, the amount of current injected into the panel, and the
strike location relative to stitching lines. Increasing the current magnitude drastically
increases the damaged area. Also, the presence of VectranTM structural stitches
profoundly reduced the size and severity of lighting damage relative to similar strikes
performed in panel regions without stitching.
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INTRODUCTION
1.1

Lightning Phenomena
Lightning poses a severe threat to aerospace structures. Aircraft may suffer

catastrophic failure due to damage from lightning strikes. Several lightning strike
incidents to aircraft were reported [1] that pointed out the need for developing lightning
standards and certification procedures to enhance aircraft safety and reliability. In this
chapter, an overview of the physics of the lightning phenomena and its effects on
composite structures is presented. The existence of high electric field strengths within
storm clouds can ionize the air and trigger sparks that evolve into step “leaders”
(dispersed paths of ionized air emanating from the cloud). The stepped leader branches
outward as it seeks a connection to the ground. The lightning flash occurs when the
leader connects two regions with charged particles, for example, the bottom of the cloud
and the earth's surface. There are three types of lightning flashes: intra-cloud discharges
(occurring within a cloud between regions of opposite polarities), inter-cloud charges
(emanating from regions of opposite polarity within different clouds), and the cloud-toground flashes (starting with the formation of an ionized leader in an area where the
electric field is sufficiently high and propagating to the ground). Lightning typically
attaches to an aircraft’ radome, wing tip, nacelle, empennage, or other extreme entry
points and exits from another (e.g., tail). The electrical current flows along the skin
1

surface of the airplane and exits seeking a region with opposite polarity or ground. Since
the airplane continues moving during a strike, the flash entry point location will vary
temporally, which causes multiple burns along the aircraft’s structure.
1.2

Lightning Standards
In flight lightning strikes to aircraft mostly occur during the take-off and landing

phases of flying. The Society of Automotive Engineering Aerospace Recommended
Practices (SAE ARP5414) [2] defines aircraft locations most likely to experience
lightning attachments. According to SAE ARP 5414 [2], the aircraft surface is subdivided
into three primary zones, as illustrated in Figure 1.1. Zone 1 (red color, Figure 1.1) is
typically comprised of radome, nacelles, wing tips, horizontal stabilizer tips, elevators,
leading edge flaps, trailing edge flaps, landing gear, and air data sensors. This zone is
most likely vulnerable to experience first lightning-arc attachment and first return strokes.
Zone 2 (yellow color, Figure 1.1) corresponds to the surfaces of the aircraft for which
there is a high probability of experiencing subsequent return strokes where lightning flash
is being swept from Zone 1 to Zone 2. Finally, Zone 3 (blue color, Figure 1.1) includes
all of the remaining areas in the airplane that are not part of Zones 1 and 2. While Zone3
corresponds to a low prospect of a lightning arc attachment, it may carry significant
lightning currents by direct conduction between entry and exit points.

2

Figure 1.1

Aircraft lightning zones susceptible to lightning arc attachment (adopted
from [3])

Figure 1.2

Standardized lightning electrical current waveform components A, B, C,
and D (adopted from [4])

In addition, there are four components of the lightning electrical current
waveform defined by the aircraft lightning environment standards ARP 5412 [5].
Figure 1.2 illustrate four elements of a standardized lightning electrical current
waveform. These components are used to assess the effects of lightning on aircraft and
represent various aspects of the cloud-to-ground electrical current flashes: component A
3

corresponds to the first return stroke electrical current with a 200 kA peak electrical
current magnitude over a duration of 500 µs; component B is the intermediate electrical
current with peak amplitudes 4 kA with a duration of 5 ms; component C which describes
the continuing electrical current of amplitude 0.4 kA over a 0.5 s period; and component
D which represents the return stroke with a peak current of 100 kA over a duration of
250 µs. The SAE ARP 5412/5414 regulations and standards are essential regarding
maintaining the safety of aircraft. For this work, the focus will be on waveform
components A and D because they contain high-intensity lightning electrical currents.
1.3

Effect of Lightning on Carbon/Epoxy Composite Materials
Lightning phenomena induce direct effects (i.e., resistive heating, other thermal

effects, shock waves, etc.) and indirect effects (magnetic force effects, electric discharge,
induced voltage, etc.) on carbon/epoxy composite structures [6]. When lightning strikes
the surface of a carbon/epoxy composite material, the electrical current flow seeks the
path of the least resistance (e.g., carbon fibers). For large transient lightning currents, the
degree of resistive (also referred to as Joule or ohmic heating) heating increases at the
lightning attachment point, leading to dramatic local temperature rises in the area in
contact with the lightning arc channel (550-2588°C) [7]. As the local temperature
increases at and in the vicinity of the attachment point, the composite can experience a
variety of damage types and sizes, including matrix decomposition, fiber ablation,
fiber/tow rupture, tow splitting, fiber/matrix debonding, delamination, etc.
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1.4

Motivation for Thesis
This work focused on investigating the lightning damage induced in Pultruded

Rod Stitched Efficient Unitized Structure (PRSEUS) panel donated by NASA Langley
Research Center (LaRC). This new advanced composite structure is characterized by
through-thickness VectranTM structural stitches and comprises two stiffeners (i.e., stringer
and frame). VectranTM threads were used to stitch together the components of the
PRSEUS (stringer, frame, tear strap, skin, etc.). These stitches were proven to impede
delamination growth by arresting cracks and suppressing crack propagation. In addition,
the PRSEUS skin was made of multiaxial warp-knit fabric, where nine layers of dry
carbon fabric are stitched together by polyester threads.
This study required the modification and development of a high-intensity impulse
electrical current generator in the Mississippi State University (MSU) High Voltage
Laboratory (HVL). The MSU-HVL is among only a few facilities in the United States
capable of generating 200 kA simulated lightning strike. Typical lightning strikes current
peak levels that are of interest to aircraft manufacturers range from 10 kA to 200 kA. The
PRSEUS panel was struck at three different electrical current levels: 50, 125, and 200 kA
and at various locations (mid-bay, stringer, frame, and stringer-frame intersection) to
assess damage containment of PRSEUS subjected to high-intensity current levels in
accordance with the standard Society of Automotive Engineers impulse current
waveforms. A key part of this work was to characterize the ability of through-thickness
VectranTM stitches to confine the lightning-induced damage using visual inspection and
nondestructive evaluation (NDE) techniques by through-transmission ultrasonic C-scan.

5
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CHAPTER II
LIGHTNING DAMAGE RESISTANCE OF A FULL-SCALE FLAT PRSEUS PANEL
2.1

Abstract
The Pultruded Rod Stitched Efficient Unitized Structure (PRSEUS) concept was

developed by NASA (LaRC) and the Boeing company to eliminate the need for
mechanical fasteners and improve the structural integrity of composite materials. The
PRSEUS concept is an optimized structure, characterized by through-the-thicknessstitching of dry warp-knit carbon fabric and an advanced resin infusion process. In this
paper, lightning damage was inflicted at multiple locations in a full-scale flat PRSEUS
carbon/epoxy panel using a simulated lightning strike generator, at different highintensity peak currents (50, 125, and 200 kA). These electrical currents were applied over
very short time durations (50-100 µs) and at different locations (mid-bay, stringer, frame,
and stringer-frame intersection). Lightning strike damage to stitched composites has
never been addressed in the literature. Both visual inspection and through-transmissionultrasonic C-scans were used to assess types, severity, and extent of the induced lightning
damage. The size and severity of the damaged area depend strongly on the fiber
orientation in the outermost ply, on the amount of electrical current injected into the
panel, on strike locations, and on the presence of stitching. Increasing the electrical
current magnitude significantly increases the damaged area and depth. Also, areas, where
the stitching is present, appears to limit lightning damage extent.
7

2.2

Introduction
Lightning strikes produce a high electrical current density discharge arc-channels.

The ionized channel transmits a tremendous amount of electrical energy for a short
duration of 5-10 µs, which results in a supersonic expansion of the channel diameter to a
maximum value of several millimeters [1]. The temperature of a typical lightning arc
channel can approach 30,000°K [2]. Thus, the air surrounding the lightning channel is
rapidly heated, which results in a shock wave that propagates radially outward from the
center of the arc.
This research mainly focuses on the direct effects of a lightning strike on
composite aircraft structures. In-flight lightning damage to aircraft primary structures is a
serious concern. When the lightning arc attaches to a surface, a significant amount of
electrical and kinetic energy emanating from the high electrical current discharge flow
and mechanical pressure is absorbed/dissipated instantaneously in a localized area
surrounding the lightning attachment point. A large transient pressure increase typically
occurs at the structural attachment point that can result in localized fractural rupture and
other mechanical damage at and in the vicinity of the attachment point [3]. In general,
composite structure thermal damage (i.e., matrix decomposition, fiber
sublimation/ablation, fiber rupture, etc.) can be more severe than mechanical damage due
to lightning strikes [4]. Lightning can also induce detrimental ``indirect`` effects,
including interference with electronic systems due to the induced magnetic field, acoustic
shock waves, arcing, sparking, and ignition of vapor in fuel tank [1].
The damage resistance and damage tolerance characteristics of lightning damaged
carbon/epoxy composites are a serious concern. Lightning strikes to composite result in
8

localized Joule (resistive) heating at the attachment point that can lead to a variety of
types of thermal damage. Once the local composite temperature exceeds the matrix
decomposition temperature (300-500°C) [5], the matrix decomposes/pyrolyzes leading to
char formation and markedly degraded matrix/fiber interfaces. Also, the matrix can
vaporize with an explosive release of pressurized gas [6]. Typically, various cured resinmatrices start degrading at much lower temperatures (182-600°C), than the carbon fiber
sublimation temperature of about 3316°C [7]. Also, large temperature gradients may exist
between the center of the relatively conducting carbon fiber tows and the dielectric
(insulating) matrix. For example, it was observed that, as the degree of Joule heating
increases, individual filaments might sublime (a solid turning immediately into gas) once
their surface temperature exceeds 2200°C [8]; void/cavity formation at the sublimation
site can lead to tow rupture. In addition, the significant increase in the temperature
gradient exacerbates large tensile thermal strains in the fibers due to carbon`s negative
coefficient of thermal expansion, which may lead to large-scale fiber rupture/ tow
splitting. Therefore, high intensity electrical current flow can induce severe local damage
to the composite structure.
Several researchers conducted multiple simulated lightning tests on carbon
composite materials. For example, Feraboli and Miller [6] subjected carbon/epoxy
coupons to simulated lightning currents (10, 30, and 50 kA) to characterize the composite
coupons` damage resistance and tolerance characteristics. Simulated strikes were
conducted on rectangular un-notched and ``ﬁlled-hole`` specimens (i.e., coupons
containing a single hole filled with aircraft-grade stainless steel Hilok fasteners). After
subjecting the samples to simulated lightning, the specimens were tested to failure in
9

either tension or compression. The residual tensile and compressive strengths of
unnotched specimens were slightly decreasing in a relatively linear fashion with
increasing current. It was observed a 20% reduction in the tensile and 30% decrease in
the compressive strengths of the un-notched coupons at 50 kA. Also, for 10 kA strikes,
the residual tensile and compressive strengths were only slightly lower than those for the
pristine samples. The induced lightning damage (i.e., fiber splitting/bulging, matrix
pyrolysis) in the unnotched specimens tended to be conﬁned to the outer plies in the
proximity of the strike location. In contrast, the compressive strengths of the filled-hole
coupons were dramatically reduced up to 65% for 50 kA and 30 kA current strikes,
whereas, the tensile strength increased by 13% for 30 kA strikes compared to the pristine
samples. 10 kA and 50 kA strikes barely affected the tensile strength of the filled-hole
samples. The presence of the steel fastener had mixed effects: for lower level strikes
(10 kA), the presence of the fastener tended to reduce the magnitude of the damage.
However, for higher amperages 30 and 50 kA, the fastener resulted in significantly higher
levels of damage that penetrated the entire thickness of the specimens. For the ﬁlled-hole
specimens, the damage tends to spread throughout the whole specimen thickness.
Feraboli and Kawakami [9] assessed the damage resistance and tolerance of
carbon-ﬁber/epoxy composite samples subjected to lightning strike, by evaluating the
effect of impact damage and correlating it to similar levels of lightning strike damage.
Unnotched and filled-hole specimens were subjected to three different peak current
levels: 10, 30, and 50 kA. The applied lightning strike energies were much greater than
the mechanical impact energies. Hence, the mechanical damage associated with low (015 ft·lb), medium (15-30 ft·lb), and high (50-100 ft·lb) energy impacts was compared to
10

that for different lightning peak currents to give a better approximation of the damage
resistance and tolerance behavior of the composites. Hirano et al. [10] performed current
impulse tests on graphite/epoxy composite laminates to simulate lightning strike damage
development. Electrical and thermal anisotropic composite properties played a major role
in the matrix decomposition, fiber breakage, and delamination in the composites. In
addition, there was a strong correlation between delamination damage and the peak
current. The in-plane damaged area increased linearly with increasing peak current due to
Joule heating effects. Kelly et al. [11] investigated the response of plastic laminates
reinforced with boron, high modulus graphite and glass fibers to simulated lightning
strike currents. The laminates were 0. 040 in thick sheets and were cut into 6×12 in test
coupons. Different simulated lightning currents up to 100 kA were injected into the
samples. Both boron and graphite fibers laminate suffered considerable damage (i.e.,
cracks, delamination, surface pitting at the point of lightning attachment, resin scorching)
from lightning currents. However, the glass fiber laminates exhibited the least surface
damage even at high current levels of magnitude 100 kA. It was stated that the fiber
conductivity is an important materials parameter and that fiber/matrix debonding was
attributed to mechanical forces and not matrix pyrolysis.
Interestingly, Clark [12] found that a painted aluminum panel tended to be more
severely damaged in comparison to an unpainted panel when subjected to lightning. In
essence, the paint layer concentrates the lightning arc in a local area, which results in
higher current densities and more intense surface damage. Drumm et al. [13] observed
that the dielectric nature of a paint layer prevents an electric arc from bouncing and
reattaching on the surface. Thus, the ``arc root`` (area in contact between the lightning
11

channel and the surface of the material) remains relatively attached to the surface.
Conversely, experiments on unpainted and copper-mesh-protected panels subjected to
lighting current flow showed that the arc roots jumped from one point to another, several
centimeters away from the center of the arc, which reduced the concentration of the arc
energy [13]. Consequently, the lightning-induced damage was smaller for unpainted
panels.
Most of the studies mentioned previously deal with traditional carbon fiber
composites. In this current work, lightning damage induced on stitched carbon/epoxy
composites is investigated. The need for lighter, robust and fuel efficient airframe
structures motivated the development of an advanced stitched composite technology
leading to the pultruded rod, stitched, efficient, unitized structure (PRSEUS). The
PRSEUS concept advances structural efficiency beyond common metallic airframes. The
use of the PRSEUS concept tremendously reduces the need for mechanical fasteners and
enhances the airframe structural integrity by arresting damage growth using stitched
interfaces. The PRSEUS concept deviates from traditional methods of assembling
laminated composites, and it has evolved to become a unitized out-of-autoclave co-cured
structure with damage confinement features.
PRSEUS is a relatively new concept. Hence, little discussion of it has appeared in
the literature. For instance, Jegley [14] conducted an experiment to compare the behavior
of undamaged PRSEUS specimens loaded to failure with specimens subjected to either
impact, fatigue cycling, or both. It was found that the PRSEUS architecture provides a
very robust capability for confining mechanical damage (i.e., stiffener deformations such
as crippling or buckling) through stitching. The panels were loaded in unidirectional
12

compression subjected to impact damage from a 25 lb drop weight impactor and loaded
in fatigue and to failure. Each specimen buckled before material failure at loads that
ranged from 38091 to 45080 lb. The impact and subsequent fatigue had little effect on the
compressive failure load, relative to pristine PRSEUS panels. The experimental results
from compression-loaded specimens subjected to one or 55,000 cycles of loading with
and without impact damage showed that fatigue cycling after impact did not significantly
affect the failure load; there was no damage growth.
The present study focuses on assessing the damage resistance characteristics of a
full-scale PRSEUS panel subjected to simulated lightning strikes by means of both visual
inspection and non-destructive evaluation (NDE) through transmission ultrasonic C-scan
techniques.
2.3

Assembly of the PRSEUS Structure
The PRSEUS concept employs three effective structural approaches: use of warp-

knitted dry fabric preforms, through-thickness VectranTM stitching, and resin transfer
molding. These approaches reduce the manufacturing costs and improve the structural
integrity and the damage tolerance of the PRSEUS panels. Through-thickness stitching
minimizes the use of mechanical fasteners which reduces and/or mitigates crack
initiation, and delamination, and suppresses out-of-plane failure modes. Essentially, it
serves as a damage containment structural feature.
A PRSEUS assembly integrates warp-knit “skin stacks,” tear straps, stringers, and
frames, to form one large unitized panel. The outer mold line (OML) surface of a
PRSEUS panel is formed from a double skin stack of warp-knit carbon fabric (Figure 2.1,
2.2). A single skin stack is 0.13 cm (0.052 inches) thick and features nine plies of AS4
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unidirectional dry pre-knitted carbon fabric with layup [±45°/0°/0°/90°/0°/0°/±45°]. A
single nine-ply stack of the multi-axial warp-knit fabric is knitted together using a
polyester sewing thread (Figure 2.1). Two skin stacks are layered on top of one another to
form the skin of the PRSEUS. The skin layers are then stitched together with tear straps,
stringers, and frames using VectranTM threads.

Figure 2.1

Schematic illustrating the stitching of multi-axial warp-knit fabric [15]

Figure 2.2

Multiaxial warp-knit fabric with polyester warp-knit threads and VectranTM
stitch lines

14

The skin is stitched to a single-stack tear straps, stringers, and frames. A stringer
is composed of a single stack that forms the flange/web and encloses the bulb as
illustrated in Figure 2.3. Each stringer bulb is stiffened by inserting a pre-cured
carbon/epoxy pultruded rod made of Toray unidirectional T800 carbon fiber with a 39002B resin. Each stringer flange is stitched to the tear strap and skin. Each frame is filled
with Rohacelle foam, wrapped with a double stack and stitched to the frame cap. Each
frame contains multiple keyholes for the stringers to pass through. A detailed cross
section view of the stringer and frame and their intersection is shown in Figure 2.3. The
use of the stringers and frames provide stiffness to the panel, which allows the use of
minimum skin thickness. Also, the stiffeners provide efficient structural load paths which
increase the stability and bending resistance of the panel by shifting the local neutral axis
away from the skin.

15

Figure 2.3

Components of the inner mold line PRSEUS structure [15]

The PRSEUS concept is characterized by the use of resin infused oven-cured dry
fabric preform rather than the autoclaved prepregs. The preforms are then placed on a
single-sided metal tool inside a vacuum bag and infused with HexFlow VRM 34 resin via
vacuum-assisted resin transfer molding based on a controlled atmospheric resin infusion
process developed by Boeing company [16]. This process uses a gas-permeable
membrane in order to maintain uniform vacuum distribution and continuing degassing of
the preform during infusion, which increases the fiber volume fraction in the cured
16

structure [16, 17]. The preform is cured in an oven at 93°C for five hours. Then it is post
cured at 177°C for two hours [18].
2.4

PRSEUS Stitching Pattern
A PRSEUS panel is constructed using state-of-the-art stitching techniques. The

stringers, frames, and skins are all placed in a stitching tool and sewn together prior to
resin infusion and cure. The skin is formed from two stacks and serves as a base for the
PRSEUS components. The frame cap acts as the foundation for the frame and is stitched
to the skin. Tear straps are stitched to the stringer flanges, which is then stitched to the
PRSEUS skin (Figure 2.3). The stitching is performed with VectranTM liquid crystal
polymer spun-fiber thread. This thread was made of multiple strands of twisted 400
denier yarn that were coated with a nylon resin and cured.
Both double-sided stitching and single-sided stitching are used to assemble a
PRSEUS panel. A double-sided sewing machine is used to stitch the stringer web; two
seams of VectranTM 1200 denier thread with eight stitch penetrations per inch were
inserted at the top and bottom of the stringer web. Single-sided stitching is used to stitch
the frame and stringer flanges to the tear straps and skin using a 1600 denier VectranTM
thread with five stitch penetrations per inch. This technique uses a single-side robot
sewing machine with two needles: one enters the fabric at 90° to insert the thread, and the
other enters the dry pre-knitted carbon fabric at a 45° angle to catch the loop of the thread
formed by the first needle (Figure 2.4). Both needles enter the fabric from the external
surface of the part.
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Figure 2.4

Sewing technique used for single-sided stitching of the PRSEUS panel
components [15]

Figure 2.5 shows the (OML) skin stitching patterns used to assemble the PRSEUS
stringers and frames. The first stitch row (represented by dashed blue lines in Figure 2.5)
enters perpendicular to the skin and near the edge of a given stringer/frame/flange. The
second stitch row (represented by dashed black lines in Figure 2.5) enters at 45° angles
relative to the skin surface and forms a “V” shape under the stringer web and the frame as
shown in the Figure. The stitch rows are all oriented parallel to the axis of stringers and
frames. The resulting structure is a unitized and self-supporting preform, with VectranTM
stitch rows that go all the way through the thickness of the structure (Figure 2.5).
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Figure 2.5

2.5

Stitched row pattern of the PRSEUS panel

Nondestructive Evaluation Techniques
There are several types of non-destructive evaluation (NDE) techniques such as

visual inspection, dye penetrant testing, magnetic particle crack detection, eddy current,
through-transmission ultrasonic (TTU) C-scan and radiography [19]. These techniques
are employed to detect defects, material discontinuities, and damage that result from the
manufacturing process or in-service loadings. Ultrasonic testing induces high-frequency
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acoustic waves that propagate through the material and get reflected from the surface of
any discontinuity. The reflected acoustic pulse result in a reduced electrical signal sensed
by a receiving transducer. Ultrasound testing can be performed with pulse echo or TTU
C-scan techniques. This study will focus on using a combination of visual inspection and
TTU C-scan testing to assess the lightning damage resistance of the PRSEUS panel. The
through-transmission ultrasonic technique uses two transducers in which the ultrasonic
vibrations are emitted by one and received by the other, usually on the opposite side of
the part. Locating the defect accurately requires alignment of the transmitter and receiver.
A typical C-scan image shows a two-dimensional characterization of the test article. The
color contours contained in the C-scan image represent the ultrasonic signal amplitude.
Spatial changes in the C-scan image reflect the loss of the acoustic signal amplitude
which suggests the presence of damage or change in structure.
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2.6

Experimental Setup of the Lightning Strike Testing

Figure 2.6

Structure of the current impulse generator

Lightning strike experiments were performed using a high capacity state-of-theart impulse current generator in the Mississippi State University (MSU) High Voltage
Laboratory. This generator is configured to produce up to a 200 kA lightning peak
current. The current impulse generator consists of one stage of eight high voltage
capacitors that are placed inside a metallic structure as shown in Figure 2.6. Each
capacitor is capable of storing 50 kJ of electrical energy. The capacitors are connected in
parallel which results in a total circuit capacitance of 400 μF, thus a maximum energy of
400 kJ. The capacitors are charged using stacks of 1 kΩ resistors. The amplitude of the
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peak current is controlled by varying the charging voltage of the capacitors. Assuming
that all electrical parameters of the generator (such as resistivity and inductance) are
constant, the time to reach the peak current and the decay time of the discharge remains
constant. Therefore, the standard current waveform is maintained during multiple impulse
testing. The electrical current impulse generator is configured to simulate component A
of the test current waveform as specified by SAE ARP 5412 [20]. Figure 2.7 shows a
typical 200 kA impulse current waveform. A double exponential function characterizes
this waveform with a nominal rising time of 6.4 μs (the time required for the electrical
current to rise from 10% to 90% of the peak amplitude), a decay time of 69 μs ( the time
necessary for the electrical current to decrease to half the peak amplitude), and an action
integral (i.e., the time integral of the joule heating power) of 2 × 105 𝐴2 · 𝑠. Figure 2.8
shows an electrical wiring schematic diagram that displays the components of the
electrical current impulse generator.
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Figure 2.7

A double exponential current waveform of a 200 kA peak current

Figure 2.8

A schematic diagram of the electrical wiring elements of the electrical
current impulse generator
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When the capacitors charging is complete, the capacitor bank is switched on.
Triggering the Trigatron results in a discharge of the capacitors, which leads to an air
breakdown between the spark gap electrode and the test article. In essence, leaving ⁓3 cm
gap between the spark gap electrode and the test article results in a discharge arc similar
to the subsequent and the first return stroke current components A and D of the standard
current waveform (Figure1.2). A cylindrical Poly(vinyl chloride) (PVC) pipe located at
the center of impulse current generator, encloses the spark gap electrode and help support
the test article.
A Tigatron switch was implemented to initiate the electrical current discharge
flow. This switch is made of two semi-spherical brass electrodes mounted one under the
other (Figure 2.9) with an adjustable gap between them to produce a high electrical
current discharge path. The upper electrode is wired to high voltage capacitors, and the
lower electrode is connected to ground. The gap spacing should be sufficiently larger
than a critical gap in order to break down the air between the Trigatron electrodes.

24

Figure 2.9

Trigatron switch used for generating lightning current

Before subjecting the PRSEUS panel to lightning strike testing, two inches of the
panel surface edges were sanded in order to expose the carbon fibers and ensure a good
electrical contact interface between the panel and grounding copper braid. Four copper
braids were used to ground the panel to the cubic structure in order to dissipate the
lightning electrical current flow. These wires were clamped on top of the sanded area
along the perimeter of the entire panel. The panel was then placed on top of the PVC
pipes and connected with copper strips to the steel frame structure as shown in
Figure 2.10. During each lightning strike test, the electrical current propagates through
the panel towards the edges, where the copper braid returns the electrical current through
the electrical current impulse generator steel frame back to the ground.
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Figure 2.10

PRSEUS panel grounding and testing setup

This research investigates the lightning damage resistance of the PRSEUS panel.
Three different nominal current impulse magnitudes (50, 125, and 200 kA) were injected
at various locations in the PRSEUS panel in order to investigate the damage resistance at
and in the vicinity of the arc attachment points. The panel is a 4 ft × 3.6 ft and is
composed of eight stringers that pass through slots in the frame at the center of the panel
with a 3.5 in spacing. Four different general locations on the OML surface were selected
for lightning strike testing: mid bay, stringer, frame, and stringer-frame intersection
(Table 2.1). A map of strike locations is shown in Figure 2.11.

26

Table 2.1

Lightning strike locations and their symbols

Figure 2.11

Strike locations on the PRSEUS panel at various nominal peak currents
(50, 125, and 200 kA)

Note: the blue and black dashed lines represent through thickness stitches.
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2.7
2.7.1

Results of Simulated Lightning Strike Testing on PRSEUS Panel
Fiber Damage Description Due to Direct Lightning Effects
Characterizing the physical damage to the PRSEUS panel due to the direct

lightning effects was a primary concern in this study. These effects produce a
combination of thermal and mechanical damage. The thermal effects are the most
dominant in damage formation, including energy dissipation by resistive heating (also
referred to as Joule or ohmic heating; i.e., the electric energy is converted to heat through
resistive losses in the material), direct heat from lightning arc channel, in addition to
radiative flux. The mechanical damage is derived from the overpressure due to the rapid
increase of the temperature in the arc channel leading to a propagation of a shock wave in
the radial direction perpendicular to the lightning arc. Also, lightning currents can
produce considerable mechanical forces mainly due to electromagnetic interactions. For
example, the flow of electrical current through parallel conductors (i.e., carbon fibers)
induces a magnetic force which contributes to the mechanical stress. Another important
factor is that these forces act in a relatively short duration in comparison to the thermal
effects. Thus, it has been assumed that the mechanical damage is less significant than the
thermal damage [4].
Typically, the lightning arc channel takes the form of a cylinder. However, once it
encounters the hard surface of a carbon/epoxy composite panel, the arc root geometry
becomes more complex resulting in a roughly diamond shape profile. At the lightning
attachment point to a carbon/epoxy composite laminate, the arc root is concentrated in a
smaller area [21] in comparison to an aluminum panel, which increases the current
density and result in severe fiber damage at the arc attachment location. There are four
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lightning current parameters that influence the induced damage: a) the peak current, b)
the maximum rate of change of current, c) the integral of the current over time (i.e.,
amount of delivered charges), and d) the action integral (i.e., measure of the ability of the
lightning current to generate heat) [22].
Lightning strike tests were performed at multiple locations on the NASA LaRC
PRSEUS panel at different nominal peak currents (50, 125, and 200 kA), in order to
characterize the effect of stitching on damage development. A total of 16 strikes at
different current levels and locations were performed on the PRSEUS panel. At least one
strike for each given nominal peak current was conducted at the following locations: midbay, stringer, frame and frame-stringer intersection. These locations were chosen in a
manner that prevented damage overlap between two consecutive strikes. Table 2.2 lists
the number of performed strikes in each location.
Table 2.2

The number of performed lightning strikes at each location on the PRSEUS
panel.
Peak Current

50 kA

125 kA

200 kA

Mid-bay

3

2

1

Stringer

2

2

1

Frame

1

1

-

Frame/stringer
intersection

1

2

-

Location
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The strikes produced an acoustic emission with an intensity greater than 130 dB
as well as a strong odor due to surface burning. The lightning arc induced sparking and
burning at the attachment point for several microseconds. Each lightning strike caused a
highly localized explosive damage at and in the vicinity of the arc attachment point
including matrix decomposition, possible fiber sublimation, fiber rupture, fiber-matrix
interfacial debonding, burning marks, puncture, and delamination. Matrix decomposition
likely results from the combined effects of resistive (joule) heating and the high arcchannel temperature due to the air breakdown induced by the delivery of a significant
amount of energy to the lightning channel. Typically, matrix decomposition occurs
between 330-380°C. Epoxy thermal degradation involves progressive evolution of
volatile compounds, break down and depolymerization of the molecular chains, and char
and residue formation. Also, as the local composite temperature rapidly rises from the
epoxy decomposition temperature (330-380°C) to the carbon sublimation temperature
(3316°C, [7]), the carbon fibers will rapidly contract due to their negative coefficient of
thermal expansion. This contributes to large scale fiber ruptures and tow splitting in the
vicinity of the lightning attachment point.
Figure 2.12 shows a plan view and a side view of a 200 kA strike performed at a
typical mid-bay location, where, the blue lines represent through-thickness VectranTM
stitches. By visually inspecting the surface damage area of the PRSEUS, two types of
surface damage regions can be distinguished: (1) an intense local damage at and in the
vicinity of the attachment point, and (2) a surrounding widespread damage. The damage
typically consisted of a region with intense localized severe fiber rupture accompanied by
large-scale matrix decomposition, delamination, etc. (outlined in red, Figure 2.12),
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surrounded by a cluster of “tufts” of tiny broken fibers with a periodic scatter that is
pretty consistent with the spacing between warp-knit polyester threads (Figure 2.1, 2.2),
(area surrounded in purple, Figure 2.12). Also, the OML surface discolors at the strike
location result from burning due to lightning arc attachment. A significant fraction of the
matrix near the attachment point had burned and/or vaporized; broken carbon fibers were
left protruding from the OML surface (side view of Figure 2.12). Since carbon fibers are
good conductors, a significant amount of current will flow along the fibers, resulting in a
severe damage that is mostly elongated along the outermost ply fiber direction. This
intense localized fiber damage was approximated as an ellipse with semi-major axis
oriented in the +45° direction (Figure 2.12). In addition, the surrounding region of
widespread tufts represents a roughly circular region of small-scale regions of split fiber
tows sticking slightly out of the surface. The length of these periodically distributed split
surface fiber tufts is approximately 0.5 cm and is limited to the spacing between the
warp-knit fabric polyester threads. Such fiber tufts are periodically scattered 2-6 cm
diameter domain surrounding the region with intense localized fiber damage.
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Figure 2.12

2.7.2

The damaged fiber area at a 200 kA mid-bay strike (planar top and side
view)

Effect of Stitches on Damage Development
There are two types of stitching yarns used in the PRSEUS structure: polyester

threads and VectranTM threads. The polyester threads are used to sew together multiaxial
layers of dry carbon fiber fabric referred to as warp-knit fabric or non-crimp fabric
(NCF). In NCFs, fiber tows are loosely bound together using polyester warp-knitting
threads that run in the lengthwise direction. Figure 2.13 shows an illustration of the warpknit architecture, where the polyester threads run vertically, and the carbon tows are
oriented at +45°. These thermoplastic knitting threads are made of relatively compliant
and low-strength polyester, with a low melting temperature (⁓250°C). Such stacks are
stitched together using VectranTM threads to form the components of the PRSEUS
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structure (stringer, frame, skin, etc.) prior to resin infusion. VectranTM threads provide
thermal stability at high temperatures, high strength and rigidity, low creep, high impact
resistance, excellent vibration damping characteristics, high dielectric strength, and good
chemical stability. In addition, a nylon coating (sizing) is applied around each VectranTM
fiber to improve abrasion resistance and provide water resistance.

Figure 2.13

Illustration of a multiaxial warp-knit NCF with polyester threads

The warp-knit fabrics exhibit some fiber waviness after knitting. The needles of
the knitting device disturb the uniformity of the unidirectional plies which leads to local
zones with higher fiber volume fraction, as well as surrounding voids that will become
matrix-rich zones after infusion and cure (Figure 2.13). Because of the dielectric nature
of the epoxy matrix, the interface between the fibers and the matrix will exhibit more
Joule heating. In essence, when lightning strikes the PRSEUS panel, small cluster of
broken fibers form a periodic array whose spacing and size is consistent with the
polyester knitting thread spacing. Such tufts appear in the region immediately
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surrounding the intense fiber damage area and maybe results of excessive Joule heating,
an induced thermal/mechanical stress waves emanating from the lightning arc, or an
induced current due to the generated magnetic field in the area surrounding the
attachment point. As an aside, the warp-knit threads appear to help suppress delamination
between plies in a given skin stack.
While the warp-knit threads appear to provide some small-scale damage
resistance, the VectranTM stitching dramatically increases the damage resistance of a
PRSEUS panel. For instance, the lightning strikes in the stringer location result in a lower
degree of intense fiber damage than for mid-bay strikes with no stitching. In addition, the
area of intense damage formation is confined between the adjacent through-thickness
Vectran™ stitches. Figure 2.14 illustrates damage due to a 200 kA strike at the stringer
location, where the dashed red lines represent the location of through-thickness
VectranTM stitches. The stitching lines appear to remain intact at the strike location, and
intense local damage developments limited between the stitch lines. Since the VectranTM
fibers are thermoplastic insulators, the current will flow in the path with the least
resistance (i.e., carbon fibers). Thus, more damage will be inflicted on the fibers because
of the higher current density in that area.
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Figure 2.14

2.7.3

200 kA stringer strike location illustrating the intense fiber damage

Effect of Peak Current
The PRSEUS panel was subjected to a total of 16 strikes at three different

nominal peak currents: seven 50 kA strikes, seven 125 kA strikes, and two 200 kA
strikes. As previously mentioned, the lightning damage formation consists of i) a region
of intense local damage near the lightning attachment point, and ii) a surrounding region
containing periodically distributed broken fibers. When the impulse current generator`s
capacitors are fully charged, the discharge triggers an ignition (Figure 2.15). This ignition
result in a rapid transfer of an enormous amount of energy to the arc channel which raises
its temperature and result in a shock wave that expands in the radial direction of the arc.
However, as mentioned previously, the arc root upon attaching to the surface of the
carbon/epoxy composite takes the form of a diamond shape that is oriented in the
direction of the outermost ply fibers. Since electrical current will flow along the highly
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conductive carbon fibers, the resulting damage zone was largely elongated in the
+45°outer ply fiber direction. This damage includes localized matrix decomposition due
to resistive (Joule) heating near the attachment point.
Moreover, it has been found that the lightning arc diameter expands to 6.4 cm at
50 µs for a 100 kA strike [21]. This diameter is consistent with the diameter of the highly
localized fiber damage on the PRSEUS panel at 125 kA peak currents.

Figure 2.15

Schematic of the lightning strike to the PRSEUS panel

When the carbon fibers heat up above the pyrolysis temperature of the
surrounding epoxy matrix, the matrix initially expands, decomposes, and vaporize in the
immediate strike location. In contrast, the carbon fibers contract with increasing
temperature and can subsequently rupture.
The regions containing intense local damage and periodic clusters of broken
fibers may each be ellipses as shown in Figure 2.16. In the figure, the red ellipses
represent the region of intense localized fiber ruptures. The dashed purple ellipses
characterize the surrounding areas with the small tufts of broken fibers. The damaged
areas were carefully measured at each strike location. In general, the areas containing
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intense local fiber damage increased dramatically with the peak currents and more
importantly with the action integral of the current waveform. Figure 2.16 shows a
summary of various mid-bay, stringer, frame, frame-stringer intersection strike locations
subjected to different nominal peak currents (50 kA, 125 kA, 200 kA). It should be
emphasized that the planar surface damage area (A) due to the lightning strikes, was
normalized by the intense damage area size (Amax) of the mid-bay strike at the
maximum current peak 200 kA. The normalized damage area A* is defined as the ratio of
(A) over (Amax). For instance, a 50 kA nominal strike at each of the four locations (midbay, stringer, frame, stringer-frame intersection, Figure 2.16 a, d, g, i) resulted in less
intense local damage area A* (0.16, 0.05, 0.08, 0.2, respectively) compared to the 125 kA
strikes A* (0.41, 0.29, 0.3, 0.78) for each corresponding strike location (Figure 2.16 b, e,
h, j). Thus, there is a strong correlation between the peak current and the visible fiber
damage area. Increasing the electrical current magnitude also leads to larger matrix
decomposition and fiber breakage areas due to the increase of Joule heating intensity at
the lightning attachment point (higher intensity peak leads to higher action integral). The
amount of Joule heating generated during a given strike depends on the composites`
electrical resistivity, the peak current, and the action integral.

37

Figure 2.16

Lightning strike-induced damage at each given location at different current
levels 50,125, and 200 kA

Note: the solid blue lines represent through the thickness VectranTM thread stitching.
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2.7.4

Effect of Strike Locations
The PRSEUS panel is an integrally stitched structure containing a combination of

skin, stringers, and frames. Due to the nonuniform thickness of the PRSEUS panel, four
locations were chosen to perform lightning strike testing: (a) mid-bay locations:
consisting of two nine-ply stacks of unidirectional warp-knitted fabric situated between
adjacent stringers, (b) stringer locations involving longitudinal stiffeners, tear straps and
skin stacks, (c) frame locations: consisting of stitched frame caps and skin stacks, and (d)
the intersection between the frames and the stringers. Each location has a different stackup thickness (approximately 0.26, 0.53, 0.66, and 0.79 cm, respectively). These locations
were struck from the OML side of the panel. A total of 16 strikes were performed on the
panel: six at the mid-bay locations, five at the stringer locations, two at the frame
locations and three at the frame-stringer intersections.
A plot of the fiber damage area at each location for each given nominal peak
current is provided in Figure 2.17. For a given nominal peak current (50, 125, and
200 kA), the stringer locations resulted in the least localized intense fiber damage
compared to the other locations. The stringer location is characterized by through-thethickness-stitching which appears to confines lightning damage propagation within stitch
lines. Although the localized fiber damage tends to spread along the fiber direction, the
presence of stitching constrained the damage between adjacent stitch lines (Figure 2.14,
2.15 d, e, f). Through-thickness stitching holds the fiber tows together and constrains
their movement. In contrast, strikes to the mid-bay and frame-stringer intersections
results in larger damage areas due to the absence of stitching in these locations. This is
particularly true at higher applied peak currents.
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Figure 2.17

The plot of the Normalized intense local fiber damage area as a function of
the nominal peak currents (50, 125, and 200 kA) at various locations.

Figure 2.18 displays the induced lightning surface damage at all of the four strike
locations for nominal peak currents of 50 kA, 125 kA, and 200 kA. For a given current
level, stringer strikes resulted in significantly lower damage than for the other locations.
Conversely, strikes to unstitched locations (mid-bay, frame-stringer intersection) resulted
in substantially greater damage. For example, the 200 kA peak current resulted in a midbay localized fiber damage area A* = 1, almost double the area size at the stringer
location A* = 0.35, given the same nominal current level. Also, the strikes at the framestringer intersection locations exhibited more damage area than the rest of the locations
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(i.e., mid-bay, stringer, frame) for the 50 and 125 kA peak currents. For example, the
50 kA strike induced a normalized local damage area of A* = 0.16 at the frame-stringer
intersection versus A* = 0.2 at the mid-bay location. The increase of the damage size at
the frame-stringer intersection location is likely due to the absence of stitching as well as
the increased total thickness (0.79 cm). In addition, the mid-bay regions have more
widely spread damage oriented in the fiber direction than for comparable strikes at the
strikes at the stringer locations.
Interestingly, the area containing tufts of broken fibers did not vary with strike
location for a given nominal peak current. These regions (purple ellipses) appeared to
depend only on the peak current magnitude. Although the panel was struck at higher
intensity currents (200 kA), the damage did not pierce through the total thickness of the
stack up. There was no noticeable damage on the back (IML) side of the PRSEUS panel.
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Figure 2.18

Fiber damage at different strike locations for the 50 kA and 125 kA
electrical current levels.

Note: the solid blue lines represent VectranTM stitch lines.
2.7.5

Effect of the Surface Primer
The surface of the PRSEUS panel was coated with a waterborne primer. This

primer is applied in an electrodeposition bath. The solvents used are low volatile organic
compounds. This type of waterborne primer is used to ensure adhesion of paint to the
carbon/epoxy composite structure surface. It is also non-flammable and has limited
toxicity.
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During lightning strike, the primer decomposes and vaporizes at and in the
vicinity of the arc attachment point. It was found that increasing the thickness of the paint
layer concentrate the lightning arc root which result in more damage to the structure. The
presence of the primer resulted in more surface damage than for similar strikes to sanded
PRSEUS panel. The waterborne primer appears to have a high dielectric strength which
induces more damage. When lightning strikes the surface, the dielectric nature of the
coating resists electrical current flow along the surface by preventing the dispersion of
the arc root. Consequently, the electric current cannot flow across the insulating paint
layer. Since the arc root dispersal is restrained, the lightning arc is concentrated at a
single point which increases through-thickness damage at the lighting attachment point.
For instance, the observed damage penetrated the fourth ply at some strike locations (e.g.,
frame-stringer intersection) that were subjected to high-intensity peak currents. The
dielectric nature of the paint induced more damage to the painted PRSEUS panel than the
sanded panel when struck by lightning [23].
2.7.6

Through Transmission Ultrasonic (TTU) C-scan Results
In this research study, TTU C-scan was employed to detect the existing flaws and

discontinuities in the PRSEUS panel before and after subjecting the panel to simulated
lightning strikes. The TTU C-scan imaging was performed at Aurora Flight Sciences in
Columbus, MS. The C-scan was conducted despite the lack of the PRSEUS reference
standards, which makes it hard to determine the depth and location of the damage
accurately.
TTU technique requires the use of water as a coupling medium to transfer the
ultrasound from the probe into the panel. The panel was inspected using 5 MHz
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transducers with a 2 in diameter water path and 2.5 dB baseline scanning at 0.080-in
index (intersection point of the sound beam axis with the probe surface). The transducer
transmitted the ultrasonic waves from the OML side and received by another transducer
at the IML side of the PRSEUS panel. Discontinuities in the acoustic path will result in a
partial or total loss of the acoustic wave being transmitted, which will lead to a decrease
in the received signal amplitude (signal loss). Due to the shape irregularities of the panel
IML side and the TTU C-scan device resolution constraint (calibration of the instrument
in accordance with a given thickness), it is hard to inspect the regions with large
thickness variations such as the stingers, frame, and its intersections. Figure 2.19 shows
an initial C-scan of the PRSEUS panel before lightning strike testing. The TTU device
was calibrated by detecting flaws within the flat double skin stack thickness (0.26 cm)
which correspond to the mid-bay regions. The other regions such as the stringer, frame,
and their intersections show a significant signal loss (gray color) due to the thickness
increase at these locations. Overall, no real indications of severe damage were shown on
the initial C-scan image of the PRSEUS panel, except for the fourth upper mid-bay
region in Figure 2.19. The change in color in that area from orange to blue is due to a
signal loss resulting from the existence of internal flaws. The first indication (number 1,
Figure 2.19) shows a signal loss of 6 dB, and the second indication (number 2, Figure
2.19) is a 10 dB signal loss. Losses in the transmitted signal can be a sign of
delamination, disbonds, or porosity. Such discontinuities might have been caused in the
manufacturing process or by an external impact.

44

1
2

Figure 2.19

TTU C-scan image of the PRSEUS scan prior to lightning strike testing

Note: The scale bar represents the percentage amount of the reflected signal (above zero:
good signal transmission, below zero: signal loss).
After subjecting the PRSEUS panel to simulated lightning strikes, a post C-scan
was performed on the panel. Figure 2.20 contain photographs of surface damage and
corresponding C-scan images of the mid-bay and stringer locations subjected to three
nominal peak currents (50, 125, 200 kA). The red ellipses represent the measured
localized intense surface fiber damage area, whereas, the yellow ellipses denote the loss
of signal in the C-scan measurements.
In general, the area containing intense fiber damage based upon visual inspection
was somewhat smaller than the corresponding C-scan image. As the intensity of the peak
currents increases, the C-scan image damage size increases as well (there is a significant
amount of TTU C-scan signal loss), which suggests some degree of internal damage or
change in structure. The higher intensity peak currents (125-200 kA) strikes led to
damage that propagated beneath the first ply of the stitched carbon/epoxy composite
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structure. For example, the measured surface area of the intense localized fiber damage at
the 200 kA mid-bay strike is (A*= 1). However, the C-scan image shows a damaged area
(A*= 1.68). In addition, the stitching lines at the stringer locations (Figure 2.20) appear to
remain intact. Also, the C-scan images confirm that the size of the damage in the stringer
location was smaller than at the mid-bay location for a 200 kA nominal peak current.
Hence the stitching was able to confine the induced lightning damage.
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Figure 2.20

TTU C-scan images at the mid-bay and stringer locations at different
current peaks

Note: The yellow circles represent the given C-scan delamination areas.
The solid blue lines represent trough the thickness VectranTM stitches.
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Figure 2.20 (continued)
Note: The yellow circles represent the given C-scan damage areas.
The solid blue lines represent trough the thickness VectranTM stitches.
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2.7.7

Summary and Conclusions
An experimental study investigating the induced lightning damage resistance of a

full-scale flat PRSEUS panel was performed using visual inspection and through
transmission ultrasonic C-scan. The PRSEUS panel was subjected to lightning strike
testing at three different nominal peak currents (50,125, and 200 kA). For each current
level, four strike locations were considered: mid-bay, stringer, frame, frame-stringer
intersection. A total of 16 strikes were performed on the PRSEUS panel. The induced
lightning damage typically consisted of two damage domains: an intense local damage at
and in the vicinity of the attachment point, surrounded by a clusters “tufts” of tiny broken
fibers with a periodic scatter that is pretty consistent with the spacing between warp-knit
polyester threads. The intense localized damage comprised large scale matrix
decomposition, fiber rupture, fiber-matrix interfacial debonding, burning marks,
puncture, delamination, etc. The induced damage is a result of the thermal and
mechanical effects, which include resistive (Joule) heating, elevated temperatures
emanating from the lightning plasma heat flux, shock wave due to the rapid increase of
the temperature in the arc channel, etc. Typically, the intense localized fiber damage at
each given strike locations was elongated in the +45° direction of the outer ply and had
the form of an ellipse. In addition, the surrounding region of widespread small-scale fiber
tufts was roughly circular. The polyester threads of the warp-knitted skin stacks appear to
influence lightning damage formation in the surrounding regions.
Both the magnitude of the peak current and the strike locations had a significant
effect on increasing or reducing the area damage size. The localized fiber damage area
increased upon increasing the electrical current level. Also, the presence of stitching
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constrained the damage between adjacent stitch lines. In contrast, strikes to the mid-bay
and frame-stringer intersections resulted in larger damage areas due to the absence of
stitching in these locations. Through-thickness Vectran™ stitches dramatically mitigated
lightning damage development between the adjacent stitch lines. Also, the Vectran™
stitches appeared to be relatively undamaged after lightning strike tests.
Furthermore, TTU C-scan was conducted to assess the internal damage at each
strike location. The C-scan images show that the internal damage was larger than the
surface damage for higher intensity peak currents (125-200 kA), which suggests some
degree of internal damage (e.g., delamination) or change in structure. Also, the C-scan
images confirmed that the stringers area damage size was smaller than the damaged area
of the mid-bay locations. Destructive sectioning needs to be performed, in order to
further understand the morphology of the internal damage in the PRSEUS panels.
To sum up, through-thickness Vectran™ stitches were very efficient in confining
the lightning damage. Thus, the PRSEUS concept can potentially increase the lightning
damage resistance and tolerance of integrated composite aircraft structures.
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CONCLUSIONS
Traditional composite laminates are vulnerable to delamination damage when
impacted because of the poor through-thickness strength. This is a major concern with
composite aircraft structures where external impact such as tools drop, bird strikes, hail,
stone impacts, and lighting can cause severe damage. The need for efficient and stiff
materials has lead NASA (LaRC) and The Boeing Company to develop an advanced
structural concept. The Pultruded Rod Stitched Efficient Unitized Structure (PRSEUS) is
a one-piece unitized architecture characterized by warp-knit carbon fabric and stiffening
elements (i.e., stringers and frames). These elements are stitched together with VectranTM
threads to ensure residual load-carrying capabilities and to improve bending stiffness.
Through-thickness stitching serves as a reinforcement to suppress delamination between
the stack up of PRSEUS.
A critical aspect of this new concept is to assess lightning-induced damage to
stitched composites. Little work has been done in the literature to address this issue. The
emphasis of this thesis has been to evaluate the PRSEUS panel response to multiple
impulse current strikes ranging from 50 kA to 200 kA and investigate the stitching
capability to arrest the damage development. A series of lightning strike tests were
performed on the PRSEUS panel to explore the effect of lightning current on stitched and
unstitched regions. The strikes produced a localized intense fiber damage area (i.e., large
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scale matrix decomposition, fiber sublimation, fiber rupture, fiber-matrix interfacial
debonding, burning marks, puncture, delamination, etc.) and a surrounding area of
periodic small tufts of ruptured fibers. In general, the intense localized fiber damage at
each given strike locations was elongated in the +45° direction of the outer ply and had
the form of an ellipse. Whereas, the surrounding region of widespread small-scale fiber
tufts was roughly circular. The size of these small split fibers is consistent with the
spacing of the warp-knit fabric. It can be argued that the knitting constrains the
propagation of the thermal/mechanical stress which resulted in a cluster of fiber tufts.
Also, results showed that the fiber damage area is dramatically influenced by the peak
current and the presence of through-thickness VectranTM stitches. As the peak current
increases, the fiber damage size increases for all of the strike locations. In addition, the
locations where there is no stitching such as the mid-bays and the frame-stringer
intersections exhibited more fiber damage than the stitched locations such as stringers
and frames. Hence, the stitching was able to mitigate/confine the lightning-induced
damage.
Moreover, through transmission ultrasonic C-scan was performed to investigate
the internally induced damage. The C-scan images showed that the internal damage was
larger than the corresponding surface damage on the photographs for higher intensity
peak currents (125-200 kA) at the mid-bay and stringer locations, which suggests some
degree of internal damage or change in structure due to lightning strike.
To conclude, lightning can induce extensive damage to composite structures.
However, the presences of warp-knitted skin stacks and through-thickness Vectran™
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structural stitches in PRSEUS concept profoundly improved the lightning damage
resistance and tolerance relative to other laminated composite structure.
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